We report effective treatment with nivolumab of a patient with recurrent primary central nervous system lymphoma (PCNSL) after multiple therapies. A 41-year-old woman with a right parietal PCNSL underwent treatment with high-dose methotrexate and radiotherapy. After recurrence in the left frontal lobe, the patient received several chemotherapies, including methotrexate and rituximab, and underwent surgery. The tumor was refractory to these treatments, and the patient then underwent intensity-modulated radiotherapy (IMRT). Multiple small, new recurrent tumors appeared in the right frontal lobe and the left frontoparietal region 2 months after IMRT. The patient received nivolumab 3 mg/kg with dendritic cell vaccination. Complete remission of the tumors was achieved after six cycles of nivolumab, and remission was maintained for 10 months after the initiation of nivolumab. Nivolumab could be a novel treatment for intractable recurrent PCNSL in the future.
Introduction
Primary central nervous system lymphoma (PcNsL) is a brain tumor sensitive to chemotherapy and radiotherapy. Methotrexate (MtX)-based chemotherapy is a first-line therapy for PcNsL. high-dose methotrexate (hD-MtX) followed by radiotherapy has high response rates. 1, 2) however, PcNsL always relapses after chemo-radiotherapy, and no treatment has had convincing beneficial effects on recurrent PcNsL. Median survival after recurrence is 14 months, even with salvage therapy. 3) recurrent PcNsL is one of the intractable brain tumors refractory to any treatment and still has a poor prognosis.
immunotherapy of cancer by programmed cell death-1 (PD-1) and PD-1 ligand (PD-L1) blockade has attracted attention and led to an expectation of a breakthrough cancer treatment. Nivolumab has already been approved by the Food and Drug administration for melanoma, lung cancer, renal cell carcinoma, and hodgkin's lymphoma. [4] [5] [6] [7] [8] [9] the efficacy of nivolumab for central nervous system malignancy is unknown.
we observed that multiple recurrent tumors underwent complete remission in a patient with recurrent PcNsL after multiple treatments with nivolumab. our patient also had dendritic cell vaccination while concurrently receiving nivolumab. we report this case here, with a discussion of the possibility of cancer immunotherapy for PcNsL. courses of hD-MtX therapy. the patient received whole-brain radiotherapy after hD-MtX therapy because the tumor did not respond to hD-MtX and progressed. the tumor had been completely remitted after radiotherapy for 2.5 years (Fig. 1b) . the patient had a relapse of the tumor in the left frontal lobe without a local recurrence of the original tumor (Figs. 1c and 1c' ) and received multiple sessions of chemotherapy with several combinations, including rituximab, cytarabine, and MtX with peripheral blood stem-cell transfusion, and cyclophosphamide-hydroxydaunorubicinevincristine-prednisolone (choP) with MtX. the patient also had arterial infusion of carboplatin plus melphalan or carboplatin plus MtX in combination with intravenous infusion of rituximab. all of these chemotherapies failed to control the tumor, and the patient underwent surgery again followed by brentuximab. although the tumor was grossly totally resected, it soon relapsed again (Fig.1D) . the patient then underwent intensity-modulated radiotherapy (iMrt) and the tumor went into remission. two months later, multiple small, new tumors appeared in the right frontal lobe and the left frontoparietal region (Fig. 2a, white  arrows) . the patient started to receive nivolumab 3 mg/ kg with and sometimes without dendritic cell vaccination. the patient underwent nivolumab at her own expense in the private practice clinic (saisei Mirai Medical corporation) with sufficient informed consent. the multiple small, new tumors were completely remitted after six cycles of nivolumab (Fig. 2b) . after four more cycles, magnetic resonance images taken 7 months after iMrt showed a contrast-enhanced lesion adjacent to the left frontal horn of the lateral ventricle (Fig. 3a) , and the patient showed a personality change.
11 c-methionine positron emission tomography (Pet) revealed low uptake of methionine in this lesion, which indicated radiation necrosis (Fig. 3b) . a single dose of bevacizumab 5 mg/kg was administered for symptomatic radiation necrosis. complete remission was still maintained 10 months after initiation of nivolumab with dendritic cell vaccination ( the choP regimen, with or without rituximab, which is one of the standard treatments for extracranial nonhodgkin's lymphoma, is not effective against PcNsL because it is difficult for these agents to penetrate the blood-brain barrier. PcNsL is a radio-sensitive tumor, and therefore radiation therapy plays an important role in its treatment. however, the tumor always relapses after radiation therapy, and after recurrence, there is no effective therapy for PcNsL. rechallenge with hD-MtX is still effective against recurrent tumors in patients who responded to initial hD-MtX. 13) in cases with relapse after radiation therapy, however, rechallenge with MtX after radiation therapy can carry a risk of leukoencephalopathy, which causes impairment of cognition because irradiation alters the distribution kinetics of MtX in the brain. 14) temozolomide is one of the anticancer drugs that is expected to be effective against PcNsL, and clinical trials have already been performed to test the efficacy of temozolomide for recurrent PcNsL. 15, 16) immune checkpoint inhibitors are expected to be novel treatments for many cancers. tumor cells express PD-L1 to bind PD-1 on t cells to escape the immune response. therefore, PD-L1 should be the key molecule of this treatment strategy. it has been reported that PD-L1 expression on tumor cells is correlated with an objective response to nivolumab. 17) we anticipated that the tumor cells in our patient should express PD-L1 abundantly. Figure 4 shows the results of immunohistochemistry (ihc) in this patient. ihc using anti-cluster of differentiation (cD)20 antibody showed strong positive staining, demonstrating the nature of this PcNsL as diffuse large b-cell lymphoma (DLbcL) (Fig. 4a'' ). Figure 4c shows that the strong immune showing that this ihc assay worked well. on the other hand, PD-L1 was not expressed on tumor cells in the surgical specimen of our patient, but it was markedly expressed on macrophages, which were stained by cD 68 (data not shown) in the granulomatous tissue around the tumor (Figs. 4a' and b' ).
according to published reports, PD-L1 expression on tumor cells and immune cells in tumor tissue may predict the response to anti-PD-1/PD-L1 immunotherapy. 18) in metastatic bladder cancer, PD-L1 expression on immune cells in tumor tissue is the most predictive of the response to an anti-PD-L1 antibody. 19) a meta-analysis in melanoma, lung, and genitourinary cancers showed that an objective response rate to nivolumab was 22.9% in tumors without PD-L1 expression on tumor cells. 20) with regard to DLbcL, an objective response rate was 36%, although PD-L1 did not express on tumor cells in all patients from whom tissue sample was obtained for ihc analysis. 21) however, PD-L1 expressed on nonmalignant immune cells within the tumor microenvironment in these patients. PD-L1 positive immune cells may be responsible for tumor response to nivolumab in PD-L1 negative tumors which respond to nivolumab. a possible hypothesis in our patient is that PD-L1 on tumor-associated macrophages binds to PD-1 on t cells to inactivate t cell-mediated immunity. Nivolumab may suppress this PD-L1-PD-1 interaction, and consequently t cells are activated, resulting in attacking tumor cells.
During the treatment with nivolumab, the enhanced lesion appeared in the region located in the re-irradiated tumor in spite of maintaining complete remission in new lesions. we diagnosed this lesion as radiation necrosis on the basis of 11 c-methionine Pet, and low-dose bevacizumab was administered to treat the radiation necrosis, because this frontal enhanced lesion was symptomatic. we considered that amino acid Pet was reliable to distinguish radiation necrosis from tumor recurrence, and low-dose bevacizumab was effective on radiation necrosis. [22] [23] [24] although we thought that the tumor was not recurred after initiation of nivolumab so far, it should be noted that a case report showed effectiveness of bevacizumab on recurrent PcNsL. 25) although we experienced only one effective case, nivolumab should be considered as alternative treatment strategy for recurrent PcNsL which is refractory to other treatments. also vigorous study is necessary regarding PD-L1 and PD-1 expression on PcNsL.
Dendritic cell vaccination is a cancer immunotherapy that dendritic cells which are cultured and loaded with tumor antigen ex vivo activate t-cell to attack tumor cells by presenting tumor antigen. Dendritic cell vaccination has been already tested for some of cancers in clinical trials. 26 ) the results of these trials were not conclusive, but encouraging further study. treatment effect to combine nivolumab with dendritic cell vaccination is unknown. inhibition of immune checkpoint by nivolumab and induction of tumor-specific effector t-cells by dendritic cell vaccination are theoretically reasonable combined cancer immunotherapy. a clinical trial of nivolumab with dendritic cell vaccines is now ongoing for recurrent brain tumors (aVert trial, Nct02529072). it is to be hoped that clinical trials including aVert trial will clarify probability of cancer immunotherapy for intractable brain tumors, especially in recurrent PcNsL.
Conclusion
immunotherapy of nivolumab with dendritic cell vaccination is expected to be a novel treatment for intractable recurrent PcNsL. recurrent tumors were completely remitted after nivolumab treatment, although PD-L1 was expressed not on tumor cells but on tumor-associated macrophages in our patient. the correlation between ihc of PD-L1 and the response to nivolumab in PcNsL should be elucidated. the optimal dose and duration of nivolumab should also be clarified in further study, because nivolumab is very expensive, and continuation of a useless treatment puts a burden on patients and medical insurance. Dendritic cell vaccination theoretically reinforces effects of nivolumab a a' a" b b' c on tumors and the synergistic effect of nivolumab and dendritic cell vaccination should also be elucidated.
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